INTRODUCTION
In recent years much effort has been devoted to the critical shear stress at which individual size fractions in mixed-size sediments begin to move. In field studies the critical shear stress has been estimated from the largest grain observed in motion [Andrews, 1983; Carling, 1983 *Here c% is the standard deviation of the size distribution when expressed in d> units. ?Here % = 2 (•) crg is the geometric standard deviation of the size distribution in millimeters.
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where. z o is bed shear stress, p is fluid density, s is the ratio of grain density to fluid density, g is acceleration due to gravity, and D i is size of the ith fraction. For grains in a unisize bed and a given z o, the ratio of driving to resisting forces, and hence the transport rate, increases with decreasing grain size. The size of each grain relative to others in the mixture con- Because of its central role in mixed-size sediment transport, the relative size of each fraction must be described accurately.
For the general case of a reasonably smooth grain size distribution, relative grain size is completely described by three variables: the size ratio of the fraction (e.g., Di/D,•), the percentile position of the fraction (e.g., percent finer than, P) and the mixture standard deviation or. For a smooth size distribution reasonably symmetrical about its mean, two of these three variables are sufficient to describe the relative size of a fraction. For example, for a lognormal distribution (which we used in our experiments), the three are exactly related as width of the flume. All the transported sediment fell into the trap and was returned, with a small discharge of water, to the head of the channel by an air-driven diaphragm pump through a 2.5 cm (1 inch) tube. The efficiency of the trap was virtually 100%. Channel slope was adjustable by two coupled sets of screw jacks that tilted the flume about a pivot at its midpoint. The flow passed into the tailbox with no free overfall, so the volume of water in the flume determined the mean depth of flow. Uniform flow was maintained by adjusting the flume slope. Water discharge was determined from the calibrated head loss in a straight section of the return pipe. Mean flow depth and water surface slope were determined from watersurface and bed surface elevations read with a point gage mounted on a cart that traversed rails parallel to the floor of the channel. Sediment transport was sampled by passing the watersediment mixture in the sediment return system through a 20.3 cm (8 inch) sieve that trapped the sediment and allowed the water to return to the head box through the diaphragm pump.
This was achieved by closing a valve in the sediment return line between the trap and the pump and allowing the watersediment mixture to flow under gravity through a flexible tube into a large funnel that was itself connected to the sediment return system between the diversion valve and the pump. An open-air, gravity-driven sampling system was chosen to provide maximum flexibility in sampling methods and periods {sample intervals from 10 s to 4 hours were used during the experiments, depending on the transport rate, which itself varied by almost five orders of magnitude) and to allow convenient removal of samples of the entire sediment load for size analysis. Sediment could also be returned to the recirculation system via the sample funnel, so that sampled sediment could be replaced. (Figure 2 ).
Experimental control is more difficult to achieve for grain shape and density than for grain size. Although near-perfect control could have been attained using artificial sediments, it has been found that natural grains and spheres with the same size distribution have significantly different transport mechanics [Meland and Norrman, 1969] . Hence it seemed preferable to use natural sediment and exert as much control over grain shape and density as practical, primarily by careful selection of the source sediments. Because the same source sediments were used to blend each mixture, control of grain shape and density was virtually exact for comparisons among the three principal sediments of the transport rates of the same frae- 
Procedure
The sediment bed was mixed and screeded to a plane bed 7 cm thick before each run. A precise mixing procedure was followed in which the sediment was first homogenized by hand in half-meter segments along the channel, then half the sediment in each segment was exhanged with that in other segments following a predetermined recipe, and finally the sediment was rehomogenized in each segment. The flume was then filled slowly with hot and cold water to achieve a temperature between 24-' and 26øC. This temperature was maintained during runs by adding small volumes of hot or cold water to the flume; a constant water volume (and hence flow depth) was maintained with an overflow pipe in the tailbox.
Final flow and sediment transport measurements were made only after long-term steady transport became established. Equilibrium was judged by the absence of long-term variability in the flow properties (related to the development of a stable bed configuration) and size distribution of the transported sediment (related to the development of a stable grain size distribution on the bed surface). Small transport samples were taken periodically during the run to check for trends in the grain size distribution of the transport load. In practice, the grain size criterion was the controlling one. This, however, was primarily a function of practical limitations associated with determining the grain size distribution of the transport, rather than an inherent property of the transport, which appeared to reach a steady state on the same time scale as the bed forms.
When equilibrium was judged to have been reached, transFort sampling was begun. This involved a combination of volumetric and mass samples. All of the transport was measured volumetrically by emptying the sample from the sampling sieve into a graduated cylinder. While a second sampling sieve was filling, the volume of sediment in the graduate was measured and the sample was returned to the recirculation system. During the sampling period all of the transported sediment was sampled except at very high transport rates, when we were not able to keep pace and could sample only 10 or 15 out of every 30 s of transport. The duration of the individual samples varied from 10-s subsamples to a single 4-hour sample of a very small transport rate.
Some volumetric transport samples were not returned but saved to be dried, weighed, and sieved at 1/4 •p intervals. The retained samples were replaced by equal volumes of sediment; usually, this replacement sediment was material sampled earlier in the same run or during the previous run, so its grain size distribution was not substantially different from the sampled sediment. If bed forms were present, an effort was made to measure the transport rates during the passage of at least three bed forms, although in two runs only two bed forms were sampled because of their very slow migration rates.
Transport rates were computed only for whole numbers of bed forms. Total transport rates are given in Table 3 . The mean grain size distribution of the transported load for each run was determined as a weighted mean for many samples taken over an individual bed form.
To avoid any significant impact on the sediment bed and transport rates, transport sampling (other than the small samples taken during the run) was conducted only at the end of a transport run. While the transport sampling was underway, the water surface elevation was read and the head loss in the return pipe was determined for later conversion to water discharge. After this sampling, the flume was drained and the bed (including a profile of the bed elevation along the flume centerline) was described. An iterative procedure was used to increase this value of z 0 to account for the increase in apparent bed roughness due to the transport of sediment. These adjustments were minor, however, generally less than a factor of 2, and because z o is present only in the log term of (4), the choice of z o had little effect on the estimated skin friction. To provide a good estimate of bed shear stress and transport rates near incipient motion, several runs with each sedi- Placement of the curve was determined largely from the data points near W•*. The curve was fitted by eye as a convenient means of giving added weight to points near the reference transport value. Nonlinear least squares fitting was initially used, but did not always give the best visual match to the data because it was overly influenced by small errors in the shear stress term for points near initial motion, where the transport function is very steep. The fitting was done as follows. If two or more points fell close to W•* (within approximately a factor of 2), the curve was placed so as to match those points most closely. When only one point was found near W,*, this point was still given added weight, but placement was also influenced by the fit of the curve to the rest of the data points for that fraction. In these cases, and when no points were close to W•*, the importance of using a curved line to fit the data was obvious, because it gives an extrapolation to W,* that is more reasonable than the loglinear extrapola- Table 5 .
The zri* fitted to our data generally involved at least two points near W•* because we clustered some runs for each sediment near initial-motion conditions. Although these points determined the placement of the curve, the fit of the curve to our data at higher transport rates was also usually very good. -.014.
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